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lsevier1. Introduction
Because of the increasing importance of materials ﬂow in
industrial processing and elsewhere and the fact shear behavior
cannot be characterized by Newtonian relationships, a new
stage in the evaluation of ﬂuid dynamic theory is in the pro-
gress. Eringen (1966) proposed a theory of molecular ﬂuids
taking into account the inertial characteristics of the substruc-
ture particles, which are allowed to undergo rotation.
Physically, the micropolar ﬂuid can consist of a suspension
of small, rigid, cylindrical elements such as large dumbbell-
shaped molecules. The theory of micropolar ﬂuids is
Nomenclature
x; y Cartesian coordinates
u; v velocity components
fw suction parameter
v0 suction velocity
B magnetic ﬁeld vector
B0 uniform magnetic ﬁeld
J ¼ ðJx; Jy; JzÞ current density vector
K thermal conductivity of the medium
K permeability parameter
Dm coefﬁcient of mass diffusivity
cp speciﬁc heat at constant pressure
T temperature of the ﬂow ﬁeld
T1 temperature of the ﬂow ﬁeld outside the boundary
layer
C species concentration
C1 species concentration outside the boundary layer
kT thermal diffusion ratio
cs concentration susceptibility
Q constant heat ﬂux per unit area
m coefﬁcient of mass ﬂux per unit area
K0 permeability of the porous medium
j microinertia per unit mass
s constant
Cf skin friction coefﬁcient
U1 uniform velocity
f0 dimensionless velocity
Gr Grashof number
Gm Modiﬁed Grashof number
Pr Prandtl number
Ec Eckert number
Sc Schimidt number
S0 Soret number
Df Dufour number
Re Reynold number
M magnetic parameter
K dimensionless vortex viscosity parameter
k dimensionless spin gradient viscosity parameter
Greek
l coefﬁcient of viscosity
g similarity variable
t coefﬁcient of kinematics viscosity
N microrotation
H dimensionless ﬂuid temperature
/ dimensionless ﬂuid concentration
q ﬂuid density
r0 electrical conductivity
b coefﬁcient of thermal expansion
b coefﬁcient of volumetric expansion
C microrotation component
v vortex viscosity parameter
c spin gradient viscosity parameter
72 Md. Ziaul Haque et al.generating a very much increased interest and many classical
ﬂows are being re-examined to determine the effects of the
ﬂuid microstructure.
The concept of micropolar ﬂuid deals with a class of ﬂuids
that exhibit certain microscopic effects arising from the micro-
motions of the ﬂuid elements. These ﬂuids contain dilute sus-
pension of rigid macromolecules with individual motions
that support stress and body moments and are inﬂuenced by
spin inertia. Micropolar ﬂuids are those which contain
micro-constituents that can undergo rotation, the presence of
which can affect the hydrodynamics of the ﬂow so that it
can be distinctly non-Newtonian. It has many practical
applications, for example, analyzing the behavior of exotic
lubricants (Khonsari, 1990; Khonsari and Brew, 1989), the
ﬂow of colloidal suspensions or polymeric ﬂuids (Hadimoto
and Tokioka, 1969), liquid crystals (Lockwood et al., 1987;
Lee and Egigen, 1971), additive suspensions, human and
animal blood (Ariman et al., 1974), turbulent shear ﬂow and
so forth.
Earlier (Sakiadis, 1961) introduced the concept of continu-
ous surfaces such as polymer sheets of ﬁlaments continuously
drawn from die. He studied the boundary layer behavior on
continuum solid and ﬂat surfaces. The boundary layer ﬂow
on continuous surfaces is an important type of ﬂow occurring
in a number of technical processes, for example, continuous
casting, glass ﬁber production, metal extrusion, hot rolling,
cooling and/or dying of paper and textiles, wire drawing, etc
(Tadmor and Klein, 1970; Fisher, 1976; Altan et al., 1979).
Peddison and McNitt (1970) derived boundary layer theory
for micropolar ﬂuid which is important in a number of techni-cal processes and applied this equation to the problems of stea-
dy stagnation point ﬂow, steady ﬂow past a semi-inﬁnite ﬂat
plate. Eringen (1972) developed the theory of thermomicropo-
lar ﬂuids by extending the theory of micropolar ﬂuids. Ebert
(1973) presented a similarity solution for boundary layer ﬂow
near a stagnation point for the micropolar ﬂuid. Studies of free
or mixed convection in micropolar ﬂuids past ﬂat, curved and/
or wavy surfaces have been focused by a number of workers
because of the importance of the heat transfer on the ﬂow ﬁeld
of micropolar ﬂuid for determining the quality of the ﬁnal
products of the process mentioned above (Karwe and Jaluria,
1988a; 1988b). Yucel (1989) studied the mixed convection ﬂow
of micropolar ﬂuid over a horizontal plate. Char and Chang
(1995) studied the laminar free convection ﬂow of a micropolar
ﬂuid past an arbitrary curved surface. Gorla (1992) studied
mixed convection in a micropolar ﬂuid from a vertical surface
with uniform heat ﬂux. Hossain et al. (1995) studied the mixed
convection ﬂow of micropolar ﬂuids with variable spin gradi-
ent viscosity along a vertical plate. Desseaux and Kelson
(2000) studied the ﬂow of a micropolar ﬂuid bounded by a
stretching sheet.
El-Haikem et al. (1999) have studied the Joule heating
effects on magnetohydrodynamic free convection ﬂow of a
micropolar ﬂuid. El-Amin (2001) have studied the magnetohy-
drodynamic free convection and mass transfer ﬂow in micro-
polar ﬂuid with constant suction. Very recently Rahman and
Sattar (2006) have studied the magnetohydrodynamic convec-
tive ﬂow of a micropolar ﬂuid past a continuously moving
vertical porous plate in the presence of heat generation/absorp-
tion. In the above mentioned work they have extended the
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count the effect of free convection and microrotation inertia
term which has been neglected by El-Arabawy (2003). How-
ever, most of the previous works assume that the plate is at
rest. Kim (2001) studied the unsteady MHD free convection
ﬂow of micropolar ﬂuid past a vertical moving porous plate
in a porous medium.
Hence our aim is to study the micropolar ﬂuid behavior on
steady MHD free convection and mass transfer ﬂow past a
semi-inﬁnite vertical porous plate having variable suction with
constant heat and mass ﬂuxes. The diffusion thermo, thermal
diffusion terms, viscous dissipation and Joule heating terms
have been considered for high speed ﬂuid. The governing equa-
tions of the problem contain the partial differential equations
which are transformed by similarity technique into dimension-
less ordinary coupled non-linear differential equations. The
obtained dimensionless equations are solved numerically by
sixth order Runge–Kutta method along with Nachtsheim–
Swigert iteration technique. In general, this study is very com-
plicated to solve. Therefore, it is necessary to investigate in de-
tail the distributions of velocity, microrotation, temperature
and concentration across the boundary layer in addition to
the surface skin friction.
2. Mathematical formulations
Let us consider the steady two dimensional MHD free convec-
tion and mass transfer micropolar ﬂuid ﬂow past a semi-
inﬁnite vertical porous plate y ¼ 0. The x-axis is taken along
the heated plate in the upward direction and the y-axis normal
to it. The constant heat ﬂux k @T
@y
 
¼ Q and constant mass
ﬂux Dm @C@y
 
¼ m are considered. The plate is immersed in
a micropolar ﬂuid of temperature T. A magnetic ﬁeld B of uni-
form strength is applied transversely to the direction of the
ﬂow. The magnetic Reynolds number of the ﬂow is taken to
be sufﬁciently small enough, so that the induced magnetic ﬁeld
can be neglected in comparison with applied magnetic ﬁeld so
that B = (0 B0 0), where B0 is the uniform magnetic ﬁeld act-
ing normal to the plate. The equation of conservation of
charge r  J ¼ 0 gives Jy = constant, where J ¼ ðJx; Jy; JzÞ
is the current density, the direction of propagation is consid-
ered only along the y-axis and does not have any variationFigure 1 Physical conﬁguration and co-ordinate system.along the y-axis and the derivative of Jy with respect to y
namely
@Jy
@y
¼ 0. Since the plate is electrically non-conducting,
this constant is zero and hence Jy ¼ 0 at the plate and hence
zero everywhere. The ﬂow conﬁguration and the co-ordinate
system are shown in Fig. 1. Since the plate occupying the plane
y ¼ 0 is of semi-inﬁnite extent and the micropolar ﬂuid motion
is steady, all physical quantities will depend only upon x and y.
Within the frame work of the above noted assumptions, the
ﬂow of a steady viscous incompressible micropolar ﬂuid ﬂow
subjected to the Boussinesq’s approximation can be written
in the following form:
The continuity equation
@u
@x
þ @v
@y
¼ 0 ð1Þ
The momentum equation
u
@u
@x
þ v @u
@y
¼ mþ v
q
 
@2u
@y
þ v
q
@C
@y
þ gbT T1 þ gbC
 C1  mu
K0
 r
0B20u
q
ð2Þ
The angular momentum equation
u
@C
@x
þ v @C
@y
¼ c
qj
@2C
@y2
 v
qj
2Cþ @u
@y
 
ð3Þ
The energy equation
u
@T
@x
þ v @T
@y
¼ k
qcp
@2T
@y2
þ 1
cp
tþ v
q
 
@u
@y
 2
þ r
0B20u
2
qcp
þDmkT
cscp
@2C
@y2
ð4Þ
The concentration equation
u
@C
@x
þ v @C
@y
¼ Dm @
2C
@y2
þDmkT
cscp
@2T
@y2
ð5Þ
and the boundary conditions for the problem are
u ¼ 0; v ¼ v0; C ¼ s @u@y ; @T@y ¼  Qk ;
@C
@y
¼  m
Dm
at y ¼ 0
u ¼ 0; C ¼ 0; T! T1; C! C1 as y!1
ð6Þ
when s ¼ 0, we obtain C ¼ 0 which represents no-spin condi-
tion, i.e., the microelements in a concentrated particle ﬂow
close to the wall are not able to rotate. The case s ¼ 1=2 rep-
resents vanishing of the anti-symmetric part of the stress tensor
and represents weak concentration. In a ﬁne particle suspen-
sion of the particle spin is equal to the ﬂuid velocity at the wall.
The case s ¼ 1 represents turbulent boundary layer ﬂow and
all other physical quantities are deﬁned in the nomenclature.
We now introduce the usual similarity variables;
g ¼ y
ﬃﬃﬃﬃﬃ
U1
2tx
q
f0ðgÞ ¼ u
U1
C ¼
ﬃﬃﬃﬃﬃ
U31
2tx
q
NðgÞ
HðgÞ ¼ TT1
Q=k
ﬃﬃﬃﬃﬃ
U1
2tx
q
/ðgÞ ¼ CC1
m=Dm
ﬃﬃﬃﬃﬃ
U1
2tx
q
8>>>>>>>><
>>>>>>>:
ð7Þ
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(2)–(5), we obtain the following similarity equations
ð1þ DÞf000ðgÞ þ fðgÞf00ðgÞ þ DN0ðgÞ þ GrHðgÞ
þ Gm/ðgÞ  ðKþMÞf0ðgÞ ¼ 0 ð8Þ
KN00ðgÞ þ f0ðgÞNðgÞ þ fðgÞN0ðgÞ  2kNðgÞ  kf00ðgÞ ¼ 0 ð9Þ
H00ðgÞ þ Pr½fðgÞH0ðgÞ  f0ðgÞHðgÞ þ ð1þ DÞPrEcf002ðgÞ
þMPrEcf02ðgÞ þ PrDf/00ðgÞ ¼ 0 ð10Þ
/00ðgÞ þ Sc½fðgÞ/0ðgÞ  f0ðgÞ/ðgÞ þ SoH00ðgÞ ¼ 0 ð11Þ
The corresponding boundary conditions are
fðgÞ ¼ fw; f0ðgÞ ¼ 0; NðgÞ ¼ sf00ðgÞ;
H0ðgÞ ¼ 1; /0ðetaÞ ¼ 1 at g ¼ 0
f0ðgÞ ¼ 0; NðgÞ ¼ 0; HðgÞ ¼ 0;
/ðgÞ ¼ 0 as g !1
9>>=
>>;
ð12Þ
where, D ¼ vqt is the microrotation parameter, Gr ¼ gb
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tð2xÞ3
U51
q
Q
k
is the Grashof number, Gm ¼ gb
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
tð2xÞ3
U51
q
m
Dm
is the modiﬁed
Grashof number, M ¼ r0B202xqU1 is the Magnetic parameter,
K ¼ 2tx
K0U1
is the Permeability parameter, K ¼ ctqj is the dimen-
sionless Spin gradient viscosity parameter, k ¼ 2xvqjU1 is the
dimensionless Vortex viscosity parameter, Pr ¼ qtcpk is the
Prandlt number, Ec ¼ kU
3
1
2xQCp
ﬃﬃﬃﬃﬃﬃﬃ
2x
tU1
q
is the Eckert number and
Df ¼ mkTtcscp kQ is the Dufour number, Sc ¼ tDm is the Schmidt
number and So ¼ DmkTmCsCp
Q
k
is the Soret number.
3. Skin-friction coefﬁcient
The quantity of chief physical interest is the skin friction
coefﬁcient. The equation deﬁning the wall shear stress is
sw ¼ ðlþ vÞ @u
@y
 
y¼0
þ vCðyÞy¼0 ¼ ðlþ vÞ
@u
@y
 
y¼0
 sv @u
@y
 
y¼0
Hence the skin-friction coefﬁcient is given by
Cf ¼ 2sw
qU21
¼
ﬃﬃﬃﬃﬃ
2
Re
s
ð1 sÞDf00ð0Þ þ f00ð0Þ½ ; ð13Þ
where Re ¼
ﬃﬃﬃﬃﬃﬃﬃ
xU1
t
q
Thus from Eq. (13), we see that the values of the skin fric-
tion coefﬁcient Cf are proportional to ½ð1 sÞDf00ð0Þ þ f00ð0Þ.
4. Numerical solutions and accuracy
4.1. Numerical technique
Within the context of the initial-value method and Nachts-
heim–Swigert iteration technique (Nachtsheim et al., 1965)
the outer boundary conditions may be functionally represented
as
UjðgmaxÞ ¼ Ujðf00ð0Þ;N0ð0Þ;H0ð0Þ;/0ð0ÞÞ ¼ dj; j ¼ 1; 2; . . . ; 8
ð14Þwhere
U1 ¼ f0;U2 ¼ N;U3 ¼ H;U4 ¼ /;U5 ¼ f00;
U6 ¼ N0;U7 ¼ H0;U8 ¼ /0
and U3;U4;U5;U6 represent asymptotic convergence criteria.
Choosing f00ð0Þ ¼ g1;N0ð0Þ ¼ g2;Hð0Þ ¼ g3;/ð0Þ ¼ g4 and
expanding in a ﬁrst order Taylor’s series after using Eq. (14)
yield
UjðgmaxÞ ¼ Uj;CðgmaxÞ þ
X4
i¼1
@Uj
@gi
Dgi ¼ dj; j ¼ 1; 2; :::::::8;
ð15Þ
where subscript ‘C’ indicates the value of the function at gmax
determined from the trial integration.
Solution of these equations in a least-square sense requires
determining the minimum value of
E ¼
X8
j¼1
d2j ð16Þ
with respect to giði ¼ 1; 2; 3; 4Þ.
Now differentiating E with respect to gi we obtainX8
j¼1
dj
@dj
@gi
¼ 0 ð17Þ
Substituting Eq. (15) into (17) after some algebra we obtain
X4
k¼1
aikDgk ¼ bi; i ¼ 1; 2; 3; 4; ð18Þ
where
aik ¼
X8
j¼1
@Uj
@gi
 @Uj
@gk
; bi ¼ 
X8
j¼1
Uj;C
@Uj
@gi
; i; k ¼ 1; 2; 3; 4:
ð19Þ
Now solving the system of linear equations (18) using
Cramer’s rule we obtain the missing (unspeciﬁed) values of gi as
gi  gi þ Dgi ð20Þ
Thus adopting the numerical technique aforementioned,
the solutions of the non-linear ordinary differential Eqs. (8)–
(11) with the boundary conditions (12) are obtained together
with sixth order Runge–Kutta initial value solver and deter-
mine the velocity, microrotation, temperature and concentra-
tion as a function of the coordinate g.
4.2. Calculation procedure
The system of non-linear ordinary differential Eqs. (8)–(11)
together with the boundary conditions (12) are similar and
solved numerically using Nachtsheim–Swigert shooting
iteration technique (guessing the missing value) along with
sixth order Runge–Kutta initial value solver.
In a shooting method, the missing (unspeciﬁed) initial
condition at the initial point of the interval is assumed, and
the differential equation is then integrated numerically as an
initial problem to the terminal point. The accuracy of the as-
sumed missing initial condition is then checked by comparing
the calculated value of the dependent variable at the terminal
point with its given value there. If a difference exists, another
Micropolar ﬂuid behaviors on steady MHD free convection and mass transfer ﬂow 75value of the missing initial condition must be assumed and the
process is repeated. This process is continued until the agree-
ment between the calculated and the given condition at the ter-
minal point is within the speciﬁed degree of accuracy. For this
type of iterative approach, one naturally inquires whether or
not there is a symmetric way of ﬁnding each succeeding (as-
sumed) value of the initial condition.
The method of numerically integrating a two-point asymp-
totic boundary value problem of the boundary-layer type, the
initial value method is similar to an initial value problem. Thus
it is necessary to estimate as many boundary conditions at the
surface as were given at inﬁnity. The governing differential
equations are then integrated with these assumed surface
boundary conditions. If the required outer boundary condition
is satisﬁed, a solution has been achieved. However, this is not
generally the case. Hence, a method must be devised to esti-
mate logically the new surface boundary conditions for the
next trial integration. Asymptotic boundary value problems
such as those governing the boundary-layer equations are fur-
ther complicated by the fact that the outer boundary condition
is speciﬁed at inﬁnity. In the trial integration inﬁnity is numer-
ically approximated by some large value of the independent
variable. There is no apriorigenera method of estimating these
values. Selecting too small a maximum value for the indepen-
dent variable may not allow the solution to asymptotically
converge to the required accuracy.
Nachtsheim–Swigert developed an iteration method to
overcome these difﬁculties. Extension of Nachtsheim–Swigert
iteration scheme to the system of Eqs. (8)–(11) and the bound-
ary conditions (12) is straightforward. In Eq. (11) there are
four asymptotic boundary conditions and hence four unknown
surface conditions f00ð0Þ, N0ð0Þ, Hð0Þ, /ð0Þ.
4.3. Accuracy of numerical calculations
In the present numerical calculations, a step size of Dg ¼ 0:01
has been used for sufﬁcient accuracy of the solutions. The con-
vergence is assured by taking error 108 in all cases. The values
of ga has been obtained to each iteration loop by the statement
ga ¼ ga þ Dg. The parameter fw ¼ 0:5 is determined for maxi-
mum values of ga, when the values of unknown boundaryFigure 2 Velocity proﬁle for different values of Dg.conditions at g ¼ 0 do not change to successful loop less than
108. Finally, we run the code with three different step sizes as
Dg ¼ 0:01; 0:005; 0:001 to see the effect of step size Dg and in
each case ðDg ¼ 0:01; 0:005; 0:001Þ good agreement is ob-
tained. The velocity proﬁles for different step size are shown
in Fig. 2.
5. Results and discussion
In this paper, the effects of micropolar ﬂuid on steady MHD
free convection and mass transfer through a porous medium
with constant heat and mass ﬂuxes have been investigated
using the Nachtsheim–Swigert shooting iteration technique.
To study the physical situation of this problem, we have com-
puted the numerical values of the velocity, microrotation, tem-
perature, and concentration within the boundary layer and
also ﬁnd the skin friction coefﬁcient at the plate. It can be seen
that the solutions are affected by the parameters, namely suc-
tion parameter fw, Grashof number Gr, modiﬁed Grashof
number Gm, Permeability parameter K, magnetic parameter
M, microrotation parameter D, dimensionless Spin gradient
viscosity parameter K, dimensionless Vortex viscosity parame-
ter k, Prandtl number Pr, Eckert number Ec, Dufour number
Df, Schimidt number Sc, Soret number S0 and a constant s.
The values of M and Gr are taken to be large for cooling
Newtonian ﬂuid, since these large values correspond to a
strong magnetic ﬁeld and to a cooling problem that is generally
encountered in nuclear engineering in connection with the
cooling of reactors. The values 0.2, 0.5, 0.73, 1, 2, 5 are consid-
ered for Pr (0.2, 0.5, 0.73 for air and 1, 2, 5 for water). The val-
ues 0.1, 0.5, 0.6, 0.95, 5, 10 are also considered for Sc, which
represents speciﬁc condition of the ﬂow (0.95 for CO2 and
0.1, 0, 0.6, 5, 10 for water). The values of other parameters
are however chosen arbitrarily.
Figs. 3–6, respectively, show the velocity, microrotation,
temperature and concentration proﬁles for different values of
suction parameter fw. Here fw > 0 corresponds to suction
and fw < 0 corresponds to injection at the plate or blowing.
From Fig. 3, it can be seen that the velocity ﬁeld decreases with
the increase of suction parameter fw for both fw > 0 and fw < 0,
indicating the usual fact that suction stabilizes the boundaryFigure 3 Velocity proﬁles for different values of fw.
Figure 4 Microrotation proﬁles for different values of fw.
Figure 5 Temperature proﬁles for different values of fw:
Figure 6 Concentration proﬁles for different values of fw.
Figure 7 Velocity proﬁles for different values of D.
Figure 8 Microrotation proﬁles for different values of D.
Figure 9 Velocity proﬁles for different values of k.
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Figure 10 Microrotation proﬁles for different values of k.
Figure 11 Velocity proﬁles for different values of M.
Figure 12 Microrotation proﬁles for different values of M.
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ﬁgure. For g ¼ 1, the velocity ﬁeld is found to increase and
reaches a maximum value in a region close to the leading edge
of the plate, then gradually decreases to zero. Fig. 4 shows that
microrotation ﬁeld or the angular velocity N remain negative
and increase from the value f0ð0Þ to zero as g increases from
zero to inﬁnity. This ﬁgure also indicates that as the fw in-
creases, the angular velocity N has the tendency to become po-
sitive. Fig. 5, however, shows the usual effects of suction/
blowing on the temperature ﬁeld, i.e., temperature decreases
as the increase of suction/blowing parameter fw: Fig. 6, shows
that the concentration ﬁeld decreases as the increase of
suction/blowing parameter fw. It can be also seen from this ﬁg-
ure that the concentration ﬁeld has a large decreasing effect for
fw < 0 (blowing).
Figs. 7 and 8, respectively, show the velocity and microro-
tation proﬁles for different values of microrotation parameter
D. Fig. 7 shows that the velocity ﬁeld increases at ﬁrst within
the domain 0 6 g 6 1 as the increasing values of microrotationFigure 13 Velocity proﬁles for different values of K.
Figure 14 Microrotation proﬁles for different values of K.
Figure 15 Velocity proﬁles for different values of S0.
Figure 16 Microrotation proﬁles for different values of S0.
Figure 17 Temperature proﬁles for different values of S0.
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g > 1 as the increasing values of microrotation parameter D.
We observe from Fig. 8 that the microrotation changes sign
from negative to approximate positive values within the
boundary layer. The magnitude of microrotation increases
with an increase in D. Figs. 9 and 10, respectively, show the
velocity and microrotation proﬁles for different values of vor-
tex viscosity parameter k. Fig. 9 shows that the velocity ﬁeld
increases a little at ﬁrst near the leading edge within the do-
main 0 6 g 6 1 as the increasing values of vortex viscosity
parameter k. After that increase, velocity ﬁeld gradually de-
creases for g > 1 as the increasing values of vortex viscosity
parameter k. We also see from this ﬁgure that there is a minor
decreasing effect in velocity ﬁeld for k ¼ 0:8 and k ¼ 1. Fig. 10
shows that as the vortex viscosity parameter k increases the
rotation of the micropolar constituents get induced in most
of the boundary layer except very close to the wall where kine-
matic viscosity dominates the ﬂow. Figs. 11 and 12, respec-
tively, show the velocity and microrotation proﬁles for
different values of magnetic parameter M. Fig. 11 shows thatFigure 19 Velocity proﬁles for different values of Df.
Figure 18 Concentration proﬁles for different values of S0.
Figure 20 Microrotation proﬁles for different values of Df.
Figure 21 Temperature proﬁles for different values of Df.
Figure 22 Concentration proﬁles for different values of Df.
Figure 23 Velocity proﬁles for different values of Ec.
Figure 24 Microrotation proﬁles for different values of Ec.
Figure 25 Temperature proﬁles for different values of Ec.
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Figure 26 Concentration proﬁles for different values of Ec.
Figure 27 Velocity proﬁles for different values of Pr.
Figure 28 Microrotation proﬁles for different values of Pr.
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parameter M. These effects are much more stronger near the
surface of the plate. Fig. 12 shows that the microrotation ﬁeld
remains negative and increases with the increase of magnetic
parameter M within the domain 0 6 g 6 2. Further we see
from this ﬁgure that the microrotation ﬁeld decreases gradu-
ally for g > 2 as the increase of magnetic parameter M.
Figs. 13 and 14, respectively, show the velocity and
microrotation proﬁles for different values of permeability
parameter K. Fig. 13 shows that the velocity ﬁeld decreases
with the increase of permeability parameter K. Fig. 14 shows
that the microrotation ﬁeld remains negative and increases
with the increase of permeability parameter K within the do-
main 0 6 g 6 2. Further we see from this ﬁgure that the micro-
rotation ﬁeld decreases gradually for g > 2 as the increase of
permeability parameter K.
Figs. 15–18, respectively, show the velocity, microrotation,
temperature and concentration ﬁeld for different values of
Soret number S0. Fig. 15 shows that the velocity ﬁeld increases
with the increase of Soret number S0. Further we see from thisFigure 29 Temperature proﬁles for different values of Pr.
Figure 30 Concentration proﬁles for different values of Pr.
Figure 31 Velocity proﬁles for different values of Sc.
Figure 32 Microrotation proﬁles for different values of Sc.
Figure 33 Temperature proﬁles for different values of Sc.
Figure 34 Concentration proﬁles for different values of Sc.
Figure 35 Velocity proﬁles for different values of s.
Figure 36 Microrotation proﬁles for different values of s.
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Table 1 Numerical values of skin friction coefﬁcient Cf for
different values (a) of fw; D ¼ 5 and (b) of D; fw ¼ 0:5; taking
Gr ¼ 4; Gm ¼ 2; K ¼ :5; M ¼ :5; K ¼ 2; k ¼ :5; Pr ¼ 0:71;
Ec ¼ :01; Df ¼ :2; Sc ¼ 0:6; S0 ¼ 1; s ¼ :5 as ﬁxed.
(a) (b)
fw Cf D Cf
2.5 2.1904577 0.0 3.7832468
2.0 2.1470988 0.5 3.0844871
1.5 2.0938773 1.0 2.6645544
1.0 2.0213318 1.5 2.3765671
0.5 1.9237498 2.0 2.1632325
0.0 1.7996514 2.5 1.9969619
0.5 1.6512058 3.0 1.8626226
1.0 1.4834408 3.5 1.7511338
1.5 1.3037306 4.0 1.6566526
2.0 1.1214543 4.5 1.5752531
2.5 .9470242 5.0 1.5041583
Table 2 Numerical values of skin friction coefﬁcient Cf for
different values (a) of k; M ¼ :5 and (b) of M; k ¼ :5 taking
fw ¼ :5; Gr ¼ 4; Gm ¼ 2; K ¼ :5; D ¼ 5; K ¼ 2; Pr ¼ 0:71; Ec ¼
:01; Df ¼ :2; Sc ¼ 0:6; S0 ¼ 1; s ¼ :5 as ﬁxed.
(a) (b)
k Cf M Cf
0.0 1.3753330 0.0 1.7843052
0.2 1.4496355 0.1 1.7681229
0.4 1.4898489 0.5 1.7106150
0.6 1.5160824 0.9 1.6621896
0.8 1.5349910 1.3 1.6205066
1.0 1.5494898 1.7 1.5840020
2.0 1.5515908
2.4 1.5224844
Table 3 Numerical values of skin friction coefﬁcient Cf for
different values (a) of K; S0 ¼ 1; and (b) of S0; K ¼ :5; taking
fw ¼ :5; Gr ¼ 4; Gm ¼ 2; M ¼ :5; D ¼ 5; K ¼ 2; k ¼ :5; Pr ¼
0:71; Ec ¼ :01; Df ¼ :2; Sc ¼ 0:6; s ¼ :5 as ﬁxed.
(a) (b)
K Cf S0 Cf
0.0 1.5729531 0.0 1.2288092
0.5 1.5041583 1.0 1.4496355
1.0 1.4497020 2.0 1.6488879
1.5 1.4048372 3.0 1.8342904
2.0 1.3667943 4.0 2.0100003
2.5 1.3338326 5.0 2.1787384
6.0 2.3422746
6.5 2.4221159
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g > 5 with the increase of Soret number S0. Fig. 16 shows that
the microrotation ﬁeld remains negative and decreases within
the domain 0 6 g 6 2:5 with the increase of Soret number
S0. Further we see from this ﬁgure that the microrotation ﬁeld
decreases gradually for g > 2:5 as the increase of Soret number
S0. We also see from this ﬁgure that for S0 > 5 there is a minor
effect in the microrotation ﬁeld. Fig. 17 shows that the temper-
ature ﬁeld decreases with the increase of Soret number S0. We
also see from this ﬁgure that for S0 > 5 there is a minor
decreasing effect in the temperature ﬁeld. Fig. 18 shows that
the concentration ﬁeld increases with the increase of Soret
number S0 .
Figs. 19–22, respectively, show the velocity, microrotation,
temperature and concentration ﬁeld for different values of
Dufour number Df. Fig. 19 shows that the velocity ﬁeld in-
creases with the increase of Dufour number Df. Fig. 20 shows
that the microrotation ﬁeld remains negative and decreases
within the domain 0 6 g 6 2:2 with the increase of Dufour
number Df. Further we see from this ﬁgure that the microrota-
tion ﬁeld increases gradually for g > 2:2 as the increase of
Dufour number Df. Fig. 21 shows that the temperature ﬁeld
increases with the increase of Dufour number Df. Fig. 22
shows that the concentration ﬁeld decreases within the domain
0 6 g < 3 with the increase of Dufour number Df .
Figs. 23–26, respectively, show the velocity, microrotation,
temperature and concentration ﬁeld for different values of
Eckert number Ec. To increase the ﬂuid motion we have con-
sidered viscous dissipation term. From this term we obtained
dimensionless parameter Ec. This parameter is called the ﬂuid
motion controlling parameter. Fig. 23 shows that the velocity
ﬁeld increases with the increase of Eckert number Ec. Fig. 24
shows that the microrotation ﬁeld remains negative and
decreases within the domain 0 6 g 6 2:4 with the increase of
Eckert number Ec. Further we see from this ﬁgure that the
microrotation ﬁeld increases gradually for g > 2:4 as the in-
crease of Eckert number Ec. Fig. 25 shows that the tempera-
ture ﬁeld increases with the increase of Eckert number Ec.
Fig. 26 shows that the concentration ﬁeld decreases within
the domain 0 6 g 6 1:2 with the increase of Eckert number
Ec. We also observe from this ﬁgure that the concentration
ﬁeld has a negligible effect for g > 1:2 .
Figs. 27–30, respectively, show the velocity, microrotation,
temperature and concentration ﬁeld for different values of
Prandtl number Pr. Fig. 27 shows that the magnitude of the
velocity has a overshoot behavior for small Prandtl number
Pr. But for larger values of Pr (Pr = 5) the velocity is found
to decrease monotonically and hence there appears a thin
boundary layer indicating the decrease of the free convection.
Fig. 28 shows that the microrotation ﬁeld increases within the
domain 0 6 g 6 2:2 with the increase of Prandtl number Pr.
Further we see from this ﬁgure that the microrotation ﬁeld in-
creases gradually for g > 2:2 as the increase of Prandtl number
Pr. From Fig. 28, it is also apparent that there is positive spin
of the microrotation constituents for larger values of Pr.
Fig. 29 shows that the temperature ﬁeld decreases with the
increase of Prandtl number Pr. This ﬁgure also shows that
the temperature ﬁeld is chaotic for Pr ¼ 5. Fig. 30 shows that
the concentration ﬁeld increases with the increase of Prandtl
number Pr .
Figs. 31–34, respectively, show the velocity, microrotation,
temperature and concentration ﬁeld for different values ofSchimidt number Sc. Fig. 31 shows that the velocity ﬁeld
decreases with the increase of Schimidt number Sc. Fig. 32
shows that the microrotation ﬁeld remains negative and
increases with the increase of Schimidt number Sc. Fig. 33
shows that the temperature ﬁeld increases with the increase
of Schimidt number Sc. It is also seen from this ﬁgure that
Table 6 Numerical values of skin friction coefﬁcient Cf for
different values of s, taking fw ¼ :5; Gr ¼ 4; Gm ¼ 2;
K ¼ :5; M ¼ :5; D ¼ 5; K ¼ 2; k ¼ :5; Pr ¼ 0:71; Ec ¼ :01;
Df ¼ :2; Sc ¼ 0:6; S0 ¼ 1 as ﬁxed.
s Cf
0.0 1.2165341
0.1 1.2549049
0.2 1.2967565
0.3 1.3426599
0.4 1.3933200
0.5 1.4496355
0.6 1.5127397
0.7 1.5841023
0.8 1.6656897
0.9 1.7601430
1.0 1.8711380
Table 4 Numerical values of skin friction coefﬁcient Cf for
different values (a) of Df; Ec ¼ :01 and (b) of Ec; Df ¼ :2 taking
fw ¼ :5; Gr ¼ 4; Gm ¼ 2; K ¼ :5; M ¼ :5; D ¼ 5; K ¼ 2; k ¼ :5;
Pr ¼ 0:71; Sc ¼ 0:6; S0 ¼ 1; s ¼ :5 as ﬁxed.
(a) (b)
Df Cf Ec Cf
0.0 1.4052499 0.01 1.4496355
0.2 1.4496355 0.05 1.5127959
0.4 1.4929468 0.1 1.6062623
0.6 1.5354119 0.15 1.7217696
0.8 1.5772070 0.2 1.8696149
1.0 1.6184725 0.25 2.0683824
1.2 1.6592957 0.3 2.3564328
Table 5 Numerical values of skin friction coefﬁcient Cf for
different values (a) of Pr; Sc ¼ 0:6 and (b) of Sc; Pr ¼ 0:71
taking fw ¼ :5; Gr ¼ 4; Gm ¼ 2; K ¼ :5;M ¼ :5; D ¼ 5; K ¼ 2;
k ¼ :5; Ec ¼ :01; Df ¼ :2; S0 ¼ 1; s ¼ :5 as ﬁxed.
(a) (b)
Pr Cf Sc Cf
0.2 2.0918602 0.1 2.6273974
0.5 1.5849468 0.5 1.5251209
0.73 1.4400756 0.6 1.4496355
1.0 1.3425627 0.95 1.2925590
2.0 1.1885861 5.0 1.0128976
5.0 1.0895454 10.0 .9757755
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the concentration ﬁeld rapidly decreases with the increase of
Schimidt number Sc .
All the above-noted calculations have been carried out for a
ﬁxed value of s = 0.5. Therefore the effects of s on velocity,
microrotation, temperature and concentration are not clear
from the earlier discussion. Figs. 35 and 36, respectively, show
the velocity and microrotation ﬁeld for different values of s.
Fig. 35 shows that the velocity ﬁeld increases with the increas-
ing values of s. In case of s ¼ 0, Fig. 36 shows that the bound-ary condition Nð0Þ ¼ 0 indicates the no-spin condition. From
this Fig. 36, we see that the solution remains positive and
increases from zero to zero as g increases from zero to inﬁnity
for s ¼ 0 .
Finally, the effect of various parameters on the skin friction
coefﬁcient Cf are tabulated in Table 1(a,b). These tables show
that the skin friction coefﬁcient Cf decreases with the increase
of fw and D. Table 2(a) shows that the skin friction coefﬁcient
Cf increases with the increase of k. Tables 2(b)–3(a) show that
the skin friction coefﬁcient Cf decreases with the increase ofM
and K. Tables 3(b) and 4(a,b) show that the skin friction coef-
ﬁcient Cf increases with the increase of S0, Df and Ec. Tables
5(a,b) show that the skin friction coefﬁcient Cf decreases with
the increase of Pr and Sc. Table 6 shows that the skin friction
coefﬁcient Cf increases with the increase of s. These effects are
also similar to the effect of velocity ﬁeld.
6. Conclusions
The micropolar ﬂuid behavior on steady MHD free convection
and mass transfer ﬂow past a semi-inﬁnite vertical porous plate
with constant heat and mass ﬂuxes, the diffusion thermo, ther-
mal diffusion, viscous dissipation and Joule heating have been
studied under the action of a transverse magnetic ﬁeld. The
numerical solutions of the governing equations are obtained
by Nachtsheim–Swigert shooting iteration technique and the
physical situation is shown by graphs. Important ﬁndings of
this investigation are given below,
1. The motion of micropolar ﬂuid is more for lighter particles
and air than heavier particles and water, respectively.
2. The angular motion of microlpolar ﬂuid is greater for hea-
vier particles and water than lighter particles and air,
respectively.
3. The skin friction is larger for lighter particles and air than
heavier particles and water, respectively.
4. The micropolar ﬂuid temperature is more for air than
water.
5. The species concentration is greater for lighter particles and
air than heavier particles and water, respectively.
It is hoped that the ﬁndings of this investigation may be
useful for plasma studies as well as in power engineering, geo-
thermal energy extractions, generators and boundary layer
control in the ﬁeld of aerodynamics.References
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